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INTRODUCTION 
Approximately 57% of the 13.5 million acres planted with com in 
Iowa in 1977 were treated with a soil insecticide (Jennings and 
Stockdale 1978). In considering the amount of arable land devoted 
to field crops that may be affected by soil-dwelling insects and 
nematodes, the interactions of insecticides with the soil become 
extremely important. When a chemical is applied to the soil, it 
comes in contact with a variety of surfaces upon which adsorption 
can occur. Since adsorption phenomena can influence the translocation, 
volatility, persistence and bioactivity of an insecticide, it is 
probably the major process which affects the behavior of a soil insect­
icide (Bailey and White 1970; Hance 1970; Edwards 1972; Hamaker 1972a,b; 
Harris 1972; Hacque and Freed 1974). 
Factors influencing the effectiveness of soil insecticides have 
been reviewed by Harris (1972). Insecticide characteristics, soil 
type, moisture, and temperature are the most important variables 
affecting bioactivity. These factors were also shown to affect 
adsorption (Bailey and White 1964, 1970). 
The influence of adsorption on toxicity was first implicated by 
studies showing that the effectiveness of a soil insecticide was 
related to the type of soil to which it was applied. Edwards et al. 
(1957) observed that the of lindane or aldrin to Drosophila 
melanogaster increased as the percent organic matter in the soil 
increased. Adsorption of the insecticides to the soil organic matter 
was assumed to have occurred since the insecticides could be extracted 
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in a toxic form. Phorate gave better systemic control of imported 
cabbage worms and loopers in a sandy soil than a silt loam soil 
(Getzin and Chapman 1960). Phorate also had a lower against 
house crickets in sandy soils than in loam soils (Burkhardt and 
Fairchild 1967). Abdellatif et al. (1967) found that aldicarb, a 
systemic insecticide, produced lower mortalities of aphids feeding 
on cotton as the soil organic matter content increased. Roberts 
(1963) tested dieldrin against soil ingesting Cyclocephala larvae 
(southern masked chafer) and nonsoil ingesting Blissus leucopterus 
(chinch bug). He found that values were lower on sandy soils than 
on loam or muck. He also concluded that ingestion of soil did not 
greatly increase the biological availability of the large amounts of 
sorbed dieldrin. Harris (1966) observed that the of heptachlor, 
(R) 
DDT, diazinon, parathion, and Nemacid^  in moist soils increased with 
increasing percent organic matter. He postulated that decreases in 
toxicity were due to "bonding" to various soil fractions. Higher 
levels of dieldrin were required to maintain toxicity to D. melanogaster 
as organic carbon content, specific surface area, and soil reaction 
increased (Hermanson and Forbes 1966). The efficacy of chlorpyrifos was 
reduced in soils with high organic matter content, but pH had no effect 
on toxicity (Whitney 1967). Harris and Turnbull (1977) found that 
chlorpyrifos, carbofuran, and terbufos were approximately 30 times 
more effective in moist sand than in moist muck. In summary, there 
is overwhelming evidence indicating that soil type greatly influences 
toxicity. 
3 
It can be inferred from bioactivity studies that the correlation 
between reduction of bioactivity and organic matter content is largely 
due to the unavailability of the adsorbed insecticide to the insect 
(Bailey and White 1964; Harris 1972). Recent studies lend support to 
the theory of unavailability of adsorbed residues. Soil-bound residues 
of parathion and fonofos were nontoxic when assayed against fruit 
flies (Lichtenstein et al. 1977). Earthworms exposed to soils with 
bound ^ C^-parathion residues contained 12.6 times less radiocarbon 
than earthworms exposed to soils with freshly deposited residues 
(Fuhremann and Lichtenstein 1978). 
Soil moisture is also an important soil variable affecting insect­
icide toxicity. Barlow and Hadaway (1956) observed that dieldrin-treated 
mud blocks were more toxic to mosquitoes at higher humidities. Roberts 
(1963) found that soil at 10.2 or 11.4% average moisture required 
at least twice as much insecticide as soil at approximately 19.6 
or 16.4% moisture, respectively, in order to obtain comparable mortality 
of chinch bugs. Using larvae of Euxesta notata, Harris (1964) observed 
that the toxicity of diazinon, parathion, and mexacarbate was positively 
correlated with increasing soil moisture; however, mevinphos became 
less toxic with increasing moisture content. Other studies have 
shown that air-dried soils or soils with relatively low moisture contents 
reduced the efficacy of carbofuran, disulfoton, phorate, and chlorpyrifos 
(Bhirud and Pitre 1972; Burkhardt and Fairchild 1967; Harris 1973). 
Peterson et al. (1971) computed a regression equation in which organic 
carbon and field moisture capacity described 91% of the variability 
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in DDT bloactivity in various soils. 
Evidence indicates that the effect of increased soil moisture is 
not upon the response of the insects but upon the degree of displacement 
of the insecticide from the soil particles so that more insecticide 
becomes available to the insect. Harris (1972) postulated that more 
insecticide would be in solution and available to the insect as 
soil moisture increased because most insecticides are hydrophobic and 
cannot compete effectively with water for available adsorption sites. 
As the soil dried, however, insecticide adsorption and consequently 
inactivation would increase. 
Temperature effects on insecticidal activity in soil may be less 
dramatic than soil moisture, but Harris and Turnbull (1977) showed 
positive temperature coefficients for many insecticides ranging from 
3 to 30 times more effective at 32°C than at 16°C. Presumably, because 
adsorption is an exothermic process, higher temperatures favor desorp-
tion and increased availability of the insecticide (Harris 1972). 
Since temperature has been shown to affect volatilization of insecticide 
residues (Harris and Lichtenstein 1961), less volatilization would 
be expected to occur in organic soils at higher temperatures. Although 
the relationship between temperature effects, soil type, and volatili­
zation has not been investigated, Harris and Lichtenstein (1961) 
showed that aldrin vapor LT^  ^increased with organic matter content 
of the soil. Getzin and Chapman (1960) observed that volatilization 
of phorate was least on a muck soil and greatest on quartz sand. 
Persistence and translocation of an insecticide are factors that 
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affect bioactivity and depend upon the chemical nature of the insecticide. 
Studies have indirectly shown that these two processes are dependent 
on adsorption. Harris (1969) found that organophosphorus insecticide 
persistence as measured by bioassay was slightly greater in a muck 
soil than in a sandy loam soil. Approximately one-half the amount of 
chlordane dissipated from a muck soil as a sandy soil (Harris and 
Sans 1975). Furthermore, more residues were adsorbed by radishes and 
carrots grown in sand than in muck. Recent work has shown that parathion 
and pirimiphos-ethyl undergo surface-induced hydrolysis when adsorbed 
on clays, and the process is cation and moisture dependent (Mingelgrin 
et al. 1975, 1977). Yaron (1975), however, observed a decrease in 
parathion degradation with an increase in the soil organic matter content. 
Lichtenstein (1976) reported that fonofos did not move to any 
appreciable extent through an agricultural loam soil, while leachate 
from a sandy loam soil was toxic to mosquito larvae and contained 
4% of the dosage originally applied to the top soil layer. Similarly, 
Coppedge et al. (1977) found that 84% of the applied dose of aldicarb 
leached through a coarse sand column, but only 12.5, 3.9, and 3.5% 
were detected in the water leachate of clay, loam, and muck soils, 
respectively. 
It seems that the behavior of soil insecticides and ultimately 
their efficacy is influenced by a number of soil variables as well 
as the nature of the chemical itself. These variables influence 
the extent of adsorption in the soil environment, and it is believed 
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that adsorbed residues are generally physically and biologically 
unavailable. 
Most studies have indirectly determined the influence of adsorption 
on soil insecticide behavior either by assessing bioactivity or 
measuring degradation and translocation in different soils under various 
environmental conditions. In general, direct measurements of adsorption 
and correlation with soil variables or insecticide chemistry are lacking. 
Furthermore, research on the nature of desorption is very scant. The 
purpose of this study is to examine directly the relationship between 
sorption (i.e., adsorption and desorption) of soil insecticides, soil 
variables, and physicochemical properties. The objectives of the study 
are: 
1) characterization of adsorption and desorption of organophosphorus 
and carbamate insecticides in different soil types; 
2) examination of the physicochemical properties of the insecticides 
that may affect their environmental chemodynamics; 
3) modelling of the relationship between sorption, soil variables, 
and physicochemical properties; and 
4) hypothesis of adsorption mechanisms. 
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ADSORPTION THEORY 
Adsorption may be simply defined as the adhesion of a thin film 
of molecules to a solid or liquid surface (Osipow 1962). Adsorption 
of pesticides to soil surfaces is the most important factor in soil-
pesticide interactions. The diffusion, leaching, and volatilization 
of pesticides in soils is retarded as the extent of adsorption increases 
(Haque 1975). In addition, a pesticide's rate and degree of degradation 
(Yaron 1975) and bioactivity (Edwards et al. 1957) are influenced 
by adsorption. Thus, whether an insecticide will contaminate ground 
water or a nearby stream, become an air pollutant by volatilization 
into the atmosphere, or control the target pest will depend upon 
sorption phenomena in the soil. 
The adsorption process is complicated by the complexity of the 
soil system. The composition and chemistry of the soil as well as 
the chemical characteristics of the insecticide are both important 
factors in understanding adsorption. 
Soil Composition 
The typical soil environment consists of solid, liquid and gaseous 
phases (Bear 1955; Marshall 1964). The solid and liquid phases are 
most important in pesticide-soil interactions. The solid phase consists 
of inorganic and organic components. The predominant inorganic components 
consist of various minerals arranged to form clays. Clays are composed 
of layers of silica and alumina sheets (commonly called phyllosilicates) 
in a 1:1 or 2:1 ratio (Grim 1968). The basic unit of silica sheets 
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consists of a silicon atom surrounded by four oxygen atoms in tetrahedral 
symmetry. Adjacent SiO^  tetrahedra share three out of four corners 
with each other and the fourth sticks out to one side. The basic 
alumina unit contains an aluminum atom coordinated with six oxygen 
atoms or hydroxyl groups in octahedral fashion. Each octahedron shares 
all its comers with adjacent octahedra. The structural arrangement of 
the clay minerals produces plate-like crystals which may be very thin 
and consequently may have very high surface areas capable of providing 
adsorbing surfaces. Substitutions of iron, manganese, or magnesium 
atoms for silicon or aluminum atoms in the tetrahedra and octahedra 
produce changes in the net charge on the clay surfaces. Excess surface 
charges give rise to cation exchange capacity which may play an important 
role in the adsorption of pesticides as well as soil cations. 
Kaolinite, a 1:1 clay (i.e., one alumina octahedral sheetione silica 
tetrahedral sheet), is hydrogen bonded between sheets and is considered 
to have a nonexpanding lattice. Montmorillonite and vermiculite 
are 2:1 clays (i.e., an alumina sheet sandwiched by two silica sheets) 
whose lattice is capable of expansion via the hydration of interlayer 
cations. Other 2:1 phyllosilicates such as muscovite and illite are 
nonexpanding. The surface areas and cation exchange capacities (CEC) of 
2 2:1 clays (700-800 m /g; 80-120 meq/lOOg) are much larger than those of 
1:1 clays (7-30 m^ /g; 3-15 meq/lOOg) (Ahlrichs 1972). These character­
istics are correlated with greater capacities to adsorb organic molecules. 
Green (1974) stated that the extent to which the interlamellar surfaces 
of montmorillonite and vermiculite sorb organic molecules depends 
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principally on the nature of the exchange cation on the clay, the degree 
of clay hydration, and the properties of the organic molecule (charge, 
polarity, size, and flexibility). 
The organic component of soils consists of two major types of 
compounds: 1) unhumified substances represented by organic compounds of 
relatively definite characteristics (i.e., carbohydrates, proteins, 
peptides, amino acids, fats, waxes, and low molecular weight organic 
acids); and 2) humified remains of plant and animal tissues commonly 
called humic acids (alkali soluble), fulvic acids (alkali and acid 
soluble), and humin (alkali and acid Insoluble). 
Humic substances are dark colored, acidic, predominantly aromatic, 
hydrophilic, chemically complex polyelectrolytes that range in molecular 
weight from a few hundred to several thousand (Schnitzer 1976). Their 
reactive nature is due to high contents of oxygen-containing functional 
groups such as carboxyls, carbonyls, and hydroxyls (Stevenson 1972). 
Amino, heterocyclic amino, imino, and sulfhydryl groups may also be 
present. Humus may be visualized as a branched, coiled polymer of 
flexible shape but with voids or large accessible internal spaces that 
can trap or fix organic and inorganic compounds (Bolt and Bruggenwert 
2 1976; Schnitzer 1976). Thus, the surface area (500-800 m /g) and 
cation exchange capacity (200-400 meq/lOOg) of soil organic matter is 
very high (Ahlrichs 1972). 
Humic substances and clays are intimately associated in the soil 
and may occur as microaggregates bound together through the interaction 
of organic functional groups with multivalent metals on mineral surfaces 
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or through hydrogen bonding (Edwards 1967; Ahlrichs 1972). The relative 
contribution of clay or organic matter to adsorption will depend upon 
the extent to which the clay surfaces are coated with organic substances. 
When the humus content of the soil exceeds 8%, only humic surfaces will 
normally be available for adsorption (depending upon the kind and quantity 
of clay); the adsorptive surface of clay will become increasingly 
important as humus content decreases (Stevenson 1972). 
Water and dissolved salts constitute the liquid phase of the soil. 
Most pesticide-soil interactions will involve water as a solvent because 
pesticides generally have low vapor pressures and thus tend to reach 
colloid surfaces by diffusion or mass flow in soil water (Green 1974). 
In addition, water can compete with pesticides for adsorption sites. 
Factors Influencing Sorption Phenomena 
Bailey and White (1964, 1970) and Adams (1973) have reviewed the 
factors influencing adsorption and desorption of pesticides in soil. 
They include the following: 
1) physicochemical character of the adsorbent (soil); 
2) physicochemical character of the adsorbate (the pesticide); 
3) soil reaction (pH of the soil solution); 
4) surface acidity; 
5) temperature; 
6) electrical potential of the clay surface; and 
7) nature of the pesticide formulation. 
The chemical nature of the soil has been briefly discussed. The 
nature of the main constituents, clays and organic matter, allows them 
11 
to adsorb pesticides of all chemical types. Surface area, total charge, 
and cation exchange capacity are important considerations in the study 
of pesticide-clay interactions. On the other hand, various functional 
groups on humic and fulvic acids as well as hydrophobic areas may be 
important in adsorption depending on the chemical nature of the pesticide. 
Seven properties of the adsorbate can affect its role in adsorption 
(Bailey and White 1970); 
1) chemical character, shape, and configuration; 
2) acidity or basicity of the molecule (pK^  or pK^ ); 
3) water solubility; 
4) charge distribution on the organic cation; 
5) polarity; 
6) molecular size; and 
7) polarizability. 
Weber (1972) classified pesticides as either ionic or nonionic. 
Ionic pesticides include herbicides that are either cationic (paraquat, 
diquat), basic (atrazine, prometone), or acidic (picloram, 2,4-D). 
Nonionic pesticides include either herbicides such as the substituted 
anilines and anilides, phenyl carbamates and thiocarbamates, phenylureas, 
phenylamides, benzonitriles and esters, or the chlorinated hydrocarbon, 
organophosphorus, and carbamate insecticides. Since insecticides are 
neutral, uncharged molecules, their adsorptive capability would most 
likely be affected by their chemical character, water solubility, 
polarity, molecular size, and polarizability. Although the relationship 
between these physicochemical characteristics and adsorption of 
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Insecticides has received little attention, observations with herbicides 
indicate some areas of potential study. For example, the adsorption of 
certain classes of herbicides is correlated with the inverse of water 
solubility (Leopold et al. 1960) or with partition coefficient (Ward 
and Holly 1966; Briggs 1969). Also, molecular structure as measured 
by parachor (molar volume) can be directly correlated with adsorption 
(Lambert 1967 ; Hance 1969). 
Soil reaction influences the properties of both the adsorbent 
and adsorbate. The pH of the soil solution will determine whether 
a compound is present in the molecular, cationic, or anionic form 
depending on its pK^ . The form of the pesticide will affect the extent, 
magnitude, and strength of adsorption, since the energy of adsorption 
may be different between dissociated and associated forms (Bailey 
and White 1970). 
Surface acidity is the acidity at or in close proximity to the 
colloidal surface and reflects the ability of the system to act as 
both a proton donor and an electron acceptor (Bailey and White 1970). 
The activity of protons in the bulk solution (as measured by pH) and 
at the colloidal surfaces may differ drastically» The first watar 
molecules adsorbed to the charged surfaces of the clay minerals are 
attracted to the exchangeable cations. Strong hydrogen bonding between 
the protons of the water and the oxygens of the clay surface and the 
strong electrostatic attraction between the positively charged adsorbed 
cation and the negatively charged oxygen of water are thought to weaken 
the 0-H bond of the water molecules. This increased dissociation of 
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water at the clay surface can donate protons to weak bases to form 
positively charged molecules (Green 1974). 
Since adsorption processes are exothermic and desorption processes 
are endothermic, an increase in soil temperature would generally 
be expected to favor desorption (Giles 1970; Bailey and White 1970). 
Temperature can also influence adsorption by affecting a pesticide's 
solubility and vapor pressure. 
The electrical field arising from the charge-balancing cations 
on clay surfaces may be responsible for 1) induction of dipoles in 
unionized, polarizable pesticides; 2) weakening of chemical bonds; 
3) surface acidity; and 4) other effects including chemical degradation 
(Bailey and White 1970). All these phenomena would be expected to 
influence adsorption. 
Finally, the chemical nature of the materials in pesticide form­
ulations (such as solvents, emulsifying agents, and surfactants) can 
affect pesticide-soil Interactions (Harris and Svec 1968; Bailey 
and White 1964)• These materials may influence adsorption by either 
competing for adsorption sites or by affecting the solubility and 
chemical state of the pesticide. 
Mechanisms of Adsorption 
All adsorption processes, whether physical or chemical in nature, 
are accompanied by a decrease in free surface energy (Osipow 1962). 
Correspondingly, heat (called heat of adsorption) is released during 
the process. The mechanism of adsorption depends upon the nature of the 
adsorbate and the adsorbent. The most probable mechanisms involved 
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have been recently reviewed (Bailey and White 1970; Hamaker and 
Thompson 1972; Green 1974; Weed and Weber 1974). The proposed processes 
include van der Waals interactions and hydrophobic bonding (physical 
adsorption), chemisorption (ligand exchange, cation exchange, 
coordination), and hydrogen bonding. Actual adsorption probably 
involves more than one of these mechanisms. 
Physical adsorption results from electrostatic forces between 
the adsorbent and adsorbate, and it usually includes van der Waals 
interactions and hydrophobic bonding. Van der Waals attractions may 
be the principal force causing adsorption of nonionic, nonpolar pesticides 
(Green 1974). These types of interactions arise from instantaneous 
dipoles produced from fluctuations in electron distribution as the 
electrons circulate in their orbitals (Morrison and Boyd 1966). 
Van der Waals interactions are weak and produce low heats of adsorption 
(approximately 1-6 kcal/mole) (Green 1974). 
Some soil organic matter surfaces are hydrophobic (waxes, fats, 
resins, aliphatic side chains on humic and fulvic acids, lignin-derived 
materials with high carbon content and a few polar groups). Water 
molecules are not good competitors with nonpolar molecules for adsorption 
at these sites (Weed and Weber 1974). Pesticides with significant 
nonpolar regions are likely to accumulate at the hydrophobic regions 
of soil constituents by means of van der Waals forces reinforced by 
hydrophobic bonding (Hamaker and Thompson 1972). 
Chemisorption involves the formation of chemical bonds and includes 
the processes of cation and ligand exchange, protonation, and coordination. 
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It is an exothermic process involving large heats of adsorption 
(usually greater than 15-20 kcal/mole) and frequently requiring an 
activation energy to start the process (Hamaker and Thompson 1972). 
Ion exchange is the reversible process by which cations and anions 
are exchanged between solid and liquid phases and between solid phases 
if in close contact with each other (Bear 1955). In general, the 
soil colloids (i.e., clay and organic matter) carry a net negative 
charge that is neutralized by the attraction of an equivalent amount 
+ + 2+ 2+ 3+ + 
of cations (usually Na , K , Mg , Ca , A1 , H ). Cation exchange, as 
a mechanism of adsorption, is likely to occur with cationic and weakly 
basic pesticides (which can protonate under sufficiently acid conditions 
to become cationic) (Weed and Weber 1974). In a dehydrated system, 
an exchange cation can directly attract a polar molecule and form a 
cation-dipole bond (called ligand exchange) (Green 1974). Upon exposure 
to moisture the bond may be broken and the molecule displaced by the 
highly polar water. In the similar process of coordination, a complex 
is formed by the donation of electron pairs from the pesticide molecule 
to a metal ion (i.e., the exchange ion which is usually a transition 
metal); this process results in the filling of the metal's inner ^  
electron orbitals to form a coordinate covalent bond (Bailey and 
White 1970). 
Any system with molecules of the form XH, where the X-H bond 
has some polarity, may be capable of forming hydrogen bonds with an 
atom Y which has some basicity (Hamaker and Thompson 1972). The enthalpy 
of a hydrogen bonded system may vary from about 0.5 kcal/mole in weakly 
16 
bonded systems to about 11-15 kcal/mole in strongly bonded systems. 
Common proton donor groups include carboxyl, hydroxyl, amino, and amide 
groups. Common proton acceptor atoms are oxygen, nitrogen, the halogens, 
and unsaturated groups such as the ethylenic linkage (Silverstein et al. 
1974). Thus, pesticide molecules and colloidal surfaces containing 
these functional groups are capable of forming hydrogen bonds with 
each other. A pesticide would be expected to be in competition with 
water molecules for hydrogen bonding at suitable adsorption sites 
(Weed and Weber 1974). A more complex hydrogen-bonded system may involve 
water as a bridge between an exchange cation and a pesticide molecule. 
In this system, water would be held to the adsorbent via a cation-dipole 
bond and to a carbonyl oxygen of the pesticide by hydrogen bonding. 
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REVIEW OF INSECTICIDE ADSORPTION STUDIES 
General Techniques 
Two approaches have been taken in the study of insecticide-soil 
interactions. The indirect approach uses bioassay procedures to study 
the action of a variety of insecticides in different soil types under 
different conditions of moisture and temperature. Adsorption phenomena 
and influential factors are inferred from the results of these studies 
(Edwards 1972; Harris 1972). The direct approach measures adsorption 
directly and attempts to correlate various soil variables or physico-
chemical properties of the insecticide with the degree of sorption. 
Batch equilibration is the major technique for directly measuring 
adsorption or desorption of insecticides in soils. This procedure 
involves the addition of various concentrations of an aqueous solution 
of pesticide to a known amount of adsorbent (e.g., soil, humic acid, 
clay, exchange resin, charcoal, silica, glass beads). The slurry is 
equilibrated via shaking (usually 2 or more hours), and then the suspen­
sion is centrifuged. The concentration of Insecticide is determined 
in the supernatant and the amount adsorbed on the soil is calculated 
as the difference between initial concentration and equilibrium concen­
tration (i.e., supernatant concentration). A plot is made of the amount 
of pesticide adsorbed per gram of adsorbent as a function of the 
equilibrium concentration. The graph generated in this manner is 
called an adsorption isotherm, and it is used to indicate the extent 
of adsorption of any molecule upon an adsorbent. The resulting curve 
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can be described by a number of possible equations. Most authors 
agree that the empirical Freundlich equation best fits the observed 
adsorption behavior of most pesticides in soil (Bailey and White 1970; 
Osgerby 1970; Hamaker and Thompson 1972; Haque and Freed 1974; 
Hacque 1975). The equation may be stated as, 
x/m = 
e 
where x = weight or molar quantity of insecticide adsorbed; m = weight 
of adsorbent; = equilibrium concentration of insecticide; and k and 
1/n are constants. The constant k is a measure of the degree or strength 
of adsorption, and 1/n is indicative of the degree of nonlinearity 
between solution concentration and adsorption (Hamaker and Thompson 1972). 
The equation can be expressed in logarithmic form to obtain a linear 
relationship: 
log x/m = log k + 1/n log 
Log k becomes the intercept of the isotherm and 1/n is the slope. 
When is expressed on a molar basis and is measured at unit concentra­
tion (i.e., = 1 nanomole/ml), then k = x/m, and the constant can be 
used to compare the relative degree of adsorption of different 
insecticides on various soil types. 
Adsorption of Chlorinated Hydrocarbon Insecticides 
One of the first insecticide adsorption studies was reported by 
Swanson et al, (1954) and involved soil column studies of lindane. 
The authors found good correlation between the clay content in the 
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soil and the amount of lindane adsorbed. Organic matter did not increase 
the retention of lindane in the soil columns and moisture reduced 
adsorption. ' Physical adsorption was the postulated mechanism for lindane 
retention. Guenzi and Beard (1967) found that lindane was leached 
to a greater extent in soil columns with increased water elution and 
was retained better in clay soils. On the other hand, DDT moved very 
little. Lichtensteln (1958) found that lindane was leached to a lesser 
extent in a muck soil than in loam or sand. Using batch equilibration 
methods, Kay and Elrick (1967) found that organic soil fractions were 
more effective adsorbers of lindane than mineral fractions. 
DDT, methoxychlor, and endosulfan were retained less on soil 
fractions after treatment with ^ 20^  to remove organic matter (Richardson 
and Epstein 1971). However, other factors also affected adsorption 
because more of each insecticide was adsorbed on the fine clay fraction 
of a Caribou silt loam (1.61% organic matter) than that of a Marshall 
silt loam (5.65% organic matter). The Caribou clay contained vermiculite 
and consequently an exchange capacity 1.5 times that of the mont-
morillonite-containing Marshall clay. It was also mentioned that the 
degree of retention among insecticides (DDT > methoxychlor > endosulfan) 
was inversely correlated with water solubility. Champion and Olsen 
(1971) suggested that DDT may be adsorbed to any positive charges on 
clays via the slight negative charges on the chlorine atoms of the 
ethyl group. 
Yaron et al. (1967) studied aldrin adsorption by soils and clays 
and concluded that organic matter content and the ratio of clay to 
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sand determined the amount of aldrin retained by the soil. The soil 
with the highest clay and organic matter content adsorbed the most 
aldrin. Desorption followed a similar pattern with the organic soil 
retaining the most aldrin. Aldrin adsorption was reduced by oxidation 
of organic matter with HgOg. In a study of lindane adsorption by lake 
sediments, Lotse et al. (1968) found that four variables correlated 
well with adsorption in the following order of importance: sediment 
concentration > organic matter > clay > lindane:sediment ratio. In 
another study, the adsorption and desorption of aldrin and lindane were 
compared on one soil and its component clay and organic matter fraction 
(Baluja et al. 1975). Both insecticides were adsorbed to a greater 
extent on the organic matter than on the clay fraction. Whereas lindane 
was easily desorbed from the organic matter and held very strongly to 
the clay, aldrin was not desorbed from either fraction. It is interesting 
that the water solubility of aldrin is much lower than that of lindane. 
Adams and Li (1971) found that adsorption of lindane was well-correlated 
with organic carbon but found that desorption from 16 soils was complete 
and independent of all soil variables measured and the amount adsorbed. 
The solvent system in which an insecticide is applied can affect 
its adsorption. Adsorption of lindane from hexane and benzene was 
relatively low on a peaty muck and greatest on silica gel and Venado clay; 
adsorption from ethanol and water was significant on peaty muck (Mills 
and Biggar 1969a). The greater adsorption of lindane from organic 
solvents onto inorganic, polar adsorbents was probably due to the 
polarity of lindane relative to the solvents. On the other hand, high 
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adsorption on muck from ethanol and water was due to effective competition 
for nonpolar organic surfaces which make up a considerable part of the 
muck soil. 
Shin et al. (1970) used batch equilibration and soil digestion 
methods to characterize actively adsorbing soil fractions. Using a 
distribution coefficient (K^ ) to represent DDT adsorption, they found 
the following order of importance: muck > clay > sandy loam. Removal 
of ether- and alcohol-soluble soil materials increased the K, of mineral 
a 
soils probably by breaking up aggregates and increasing total surface 
area. Removal of humic acids via ^ 2^ 2 treatments greatly reduced 
adsorption on muck. When humic acids were dispersed by urea, greater 
quantities of DDT were recovered from forest soils by leaching with 
water (Ballard 1971). 
Huang and Liao (1970) found that DDT was adsorbed in greater 
quantities than either heptachlor or dieldrin on three clays (DDT > 
heptachlor > dieldrin). Montmorillonite clay adsorbed more insecticide 
than either kaolinite or illite; however, adsorption was not correlated 
with cation exchange capacity or specific surface area. It was proposed 
that adsorption of DDT and heptachlor was through hydrogen bonding 
and the orientation of the molecules on the clay surface was relatively 
flat. The dieldrin orientation on the surface precluded hydrogen 
bonding and adsorption mainly occurred through van der Waals forces. 
Accordingly, the ease of desorption was a function of the adsorption 
mechanism. 
The relationship between adsorption, temperature, and solubility 
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of gamma- and beta-BHC was investigated by Mills and Biggar (1969b). 
When the increased water solubility of BHC, due to increased temperature, 
was neglected in adsorption isotherm calculations, then an increase in 
temperature lowered adsorption in accordance with the theory that 
adsorption is an exothermic process. However, when the equilibrium 
concentration of BHC was corrected for solubility effects, adsorption 
increased with temperature. The authors also noted that beta-BHC, 
which has a lower water solubility than gamma-BHC, produces larger 
k values. Temperature effects were also studied in relation to the vapor 
density of lindane in soil (Spencer and Cliath 1970). Freundlich 
constants for vapor phase lindane were similar to those reported for 
lindane adsorption from the solution phase, and an increase in temper­
ature decreased adsorption. However, when vapor phase concentration 
of lindane was corrected for temperature effects on volatility, 
adsorption appeared to increase. In addition, a decrease in water 
content decreased the vapor density of lindane; this indicated that 
adsorption increased from the vapor phase as the soil dried. 
Adsorption of Organophosphorus and Carbamate Insecticides 
Most studies concerning adsorption of organophosphorus insecticides 
have used parathion. Major findings include 1) a strong correlation 
between organic matter and adsorption indicating hydrophobic bonding; 
2) a competitive effect from water in clay systems; 3) an influence 
on extent of adsorption by the saturating cation in clay systems; 
4) a decrease in adsorption with increase in temperature; and 5) adsorp­
tion on clays via hydrogen bonding or coordination. 
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Wahid and Sethunathan (1978) found that organic matter was the 
most important single factor affecting parathion sorption in different 
soil types. Soils oxidized with HgOg adsorbed significantly less 
parathion than untreated soils. In treated soils sorption correlated 
well with clay and free iron oxides. The authors developed a regression 
equation in which the variability in Freundlich k value was best 
described by the square of organic matter. However, Wahid and 
Sethunathan (1977) suggested that participation of other factors, such 
as clay mineralogy, also affected parathion sorption. In fact, 
Saltzman et al. (1972) stated that parathion adsorption by soils was 
dependent on the type of association between organic and mineral colloids 
that determines the nature and the magnitude of the adsorptive surfaces. 
They found that the calculated adsorptive capacity of three soils 
for parathion did not correlate well with organic matter content even 
though the k values increased with increasing organic matter. Evidently 
the different predominant clays present in the soils affected the nature 
of the organic adsorptive surfaces. Other workers have also found 
direct relationships between percent organic matter and parathion 
sorption (King and McCarty 1968; Chopra et al. 1970; Yang 1975). 
Although parathion adsorption in soils is reversible, desorption 
is not complete. Hysteresis has been observed in the parathion sorption 
isotherms by several workers (Saltzman et al. 1972; Bowman and Sans 
1977; Wahid and Sethunathan 1978). Soils pretreated with HgOg desorbed 
much more parathion than untreated soils (Wahid and Sethunathan 1978). 
Hydrophobic bonding has been suggested as the main mechanism of parathion 
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sorption in soils on the basis of observed low heats of adsorption, 
fast adsorption rates, reversibility of adsorption, and high adsorptive 
capacities on organic matter (Leenheer and Ahlrichs 1971). Seemingly, 
hysteretic effects arise because of the adsorption of the low water 
solubility parathion onto hydrophobic sites of soil colloids. In 
support of this conclusion, Swoboda and Thomas (1968) found that 
parathion was not effectively displaced by electrolyte salts or aqueous 
solutions in soil columns; only ethanol effectively desorbed parathion. 
There may be some relationship between parathion adsorption and 
soil moisture. In a dry soil-hexane-parathion system, soils showed 
a high affinity for parathion (Yaron and Saltzman 1972). However, 
parathion adsorption decreased as soil water content increased. 
Leenheer and Ahlrichs (1971) showed that a H"''-saturated exchange 
2+ 
resin and organic matter had a lower water vapor isotherm than Ca -
saturated systems and consequently adsorbed more parathion. In organic 
media, hygroscopic moisture on attapulgite clay resulted in competition 
between parathion and water; parathion adsorption decreased as the clay 
moisture content increased (Gerstle and Yaron 1978). These studies 
suggest that if water can compete with parathion for adsorptive surfaces, 
then not all of the parathion is associated with hydrophobic surfaces. 
This conclusion is supported by studies on the effects of saturating 
cations on parathion adsorption and infrared spectroscopy of parathion-
clay systems. Chopra et al. (1970) found that adsorption of parathion 
+ 2+ 2+ + + by homoionlc soils was in the sequence H > Ca > Mg > K > Na . 
Adsorption of parathion on montmorillonite decreased in the order 
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> Na^  (Bowman and Sans 1977). Infrared spectroscopic 
studies indicated that parathion sorbed by montmorillonite coordinates 
through water molecules with the metallic cations in the interlayer 
spaces of the clay (Saltzman and Yariv 1976). Functional groups 
involved would include the P=S and -NOg moieties. In dehydrated systems, 
-NOg could coordinate directly with metallic cations adsorbed on the 
clay. Bowman and Sans (1977) observed that more than 99.9% of amino-
3+ parathion in solution was adsorbed by Fe -montmorillonite. They 
suggested that the -NHg group was protonated by the acidic clay surface, 
thus raising the possibility of adsorption by an exchange mechanism. 
In conjunction with this conclusion, Katan and Lichtenstein (1977) 
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reported 43% binding in soils of radiocarbon originating from C-
parathion exposed to microbial cultures. Aminoparathion was the bound 
form and resulted from microbial reduction of the -NO^  group. 
Temperature affects organophosphorus insecticide adsorption in 
a manner similar to that of chlorinated hydrocarbons. Kahn (1977) 
reported that Freundlich k values for the adsorption of fonofos on 
cation saturated humic acid decreased as temperature increased. This 
observation indicated that adsorption was exothermic; however, Yaron 
and Saltzman (1972) found no appreciable thermic effects in parathion 
adsorption if a correction was made for the increased water solubility 
at higher temperatures. 
Studies conducted with other organophosphorus and carbamate insec­
ticides generally support the conclusions derived from parathion studies. 
The adsorption of disulfoton on various soils was correlated with 
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organic matter content and pH (Graham-Bryce 1967). Moisture also 
affected disulfoton adsorption; if desorption experiments were performed 
while the soil was still wet, adsorption appeared completely reversible. 
Drying made desorption of disulfoton difficult. MacNamara and Toth 
(1970) found no correlation between pH and malathion adsorption on clays, 
but they did find higher adsorption in a humic acid system than in a 
clay system. In addition, adsorption of malathion was lower in soils 
whose organic matter was destroyed by heating than in control soils. 
Desorption of malathion from humic acid was slightly suppressed by the 
addition of electrolytes. 
Bowman (1973) found that the saturating cation on montmorillonite 
affected adsorption of fensulfothion in the following order of retention: 
3+ 2+ + 
Fe > Ca > Na . Similar results were obtained for the adsorption 
of fenitrothion, methyl parathion, aminoparathion and paraoxon (Bowman 
and Sans 1977). The adsorption of phosphamidon on montmorillonite 
followed the order Na"*" > h"*" > Ca^ "*" (Singhal and Singh 1978). The satur­
ating cation on humic acid affected the adsorption of fonofos (Kahn 1977). 
Based on infrared spectroscopy and the effect of cation studies, adsorp­
tion mechanisms were postulated for fensulfothion, phosphamidon, and 
malathion on clays. Mechanisms were similar to those proposed for 
parathion, i.e., hydrogen bonding via water bridges between polar func­
tional groups and adsorbed cations (Bowman et al. 1970; Bowman 1973; 
Singhal and Singh 1978). 
Adsorption of carbamate insecticides is virtually a neglected 
area of study. LaFleur (1976) found that desorption of carbaryl 
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decreased with increasing organic matter content. Leenheer and 
Ahlrichs (1971) observed that a decrease in carbaryl adsorption on 
organic matter was related to increased moisture content. Recently, 
2+ 3+ 
negative adsorption of aldicarb was reported on Ca - and A1 -
montmorillonite, Beaumont organo-clay extracts, and Beaumont soil 
(Supak et al. 1978). However, positive adsorption of aldicarb was 
observed on illite, kaolinite, and two other Texas soils. The exclusion 
of aldicarb by montmorillonite probably resulted from the inability 
of the molecules to penetrate the interlayer regions. Hydration of 
the interlayer ions and clay surfaces simultaneously reduced the volume 
of free or bulk water and increased the concentration of aldicarb in 
solution. 
A few authors have observed a relationship between water solubility 
of insecticides and their degree of adsorption. Bowman and Sans (1977) 
reported that the adsorption of parathion, methyl parathion, fenitrothion, 
and aminoparathion at low concentrations varied inversely with their 
+ 2+ 
water solubilities in Na - and Ca -montmorillonite suspensions. The 
adsorption and desorption of leptophos and 6 herbicides on organic 
matter were compared and excellent correlation was found with the log 
of water solubility and percent adsorbed (Carringer et al. 1975) 
Less carbaryl was adsorbed on organic matter than parathion (Leenheer 
and Ahlrichs 1971). Finally, Bromilow (1973) reported that the 
partition of aldicarb and its metabolites between water and soil organic 
matter was inversely correlated with their water solubilities. 
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METHODS 
Soils 
Five soils from Story Co., Iowa with no known history of insecticide 
application were used in sorption studies (Table 1). Soils were chosen 
to represent a wide range in organic matter content. Soils no. 3 
(Clarion) and 4 (Harps) are common agricultural soils in Iowa and soil 
no. 5 is a peat. In order to minimize the possibility of microbial 
metabolism of insecticides during the study, air-dried soils, passed 
through a 2.3 mm sieve, were sterilized in the spent fuel, gamma-ray 
facility of the Ames Laboratory, USERDA, Ames, Iowa. The total dose 
received ranged from 2.9 to 3.7 Mrads. The soils were checked for 
total microbial populations by incubation of soil water extracts in 
yeast-extract broth (Alexander 1965). The soils were sterile one 
year after irradiation. 
Mechanical analysis was performed by the Bouyoucos hydrometer 
method after a pretreatment of the soil with HgOg to partially remove 
organic matter (Bouyoucos 1936). Soil pH was measured by glass electrode 
in 0.01 M CaClg at a 1:2 ratio of soil to water (Peech 1965). Cation 
exchange capacity was determined by the ammonium saturation method 
(Chapman 1965) using the steam distillation method of Bremner (1965) 
to determine ammonium concentration. Organic carbon was measured by 
the potassium dichromate oxidation method of Mebius (1960) and multiplied 
by 1.724 to give percent organic matter (Allison 1965). 
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Insecticides 
Four organophosphorus and one carbamate insecticide were used. 
All materials were checked for purity by chromatographic techniques 
and purified if necessary, (Ethyl-l-^ C^)parathion, 0,0;-diethyl 0-
(4-nitrophenyl) phosphorothioate (99% radiochemical purity; specific 
activity = 145,000 dpm/yg), was purchased from Amersham Corp. Methylene-
^^ C labelled and unlabelled phorate, ^ ,^ -diethyl ^ -{(ethylthio) methyl} 
phosphorodithioate, and terbufos, ^ ,0-diethyl ^ -{1,1-dimethylethylthio) 
methyl} phosphorodithioate, were obtained gratis from the American 
14 Cyanamid Co. C-phorate was purified by preparative thin layer 
chromatography on silica gel F-254 using two solvent systems (1.75% 
methanol in chloroform and hexane:chloroform 1:1 v/v). Radiochemical 
purity was determined to be 98% with a specific activity of 79,363 dpm/yg. 
Similarly, ^ C^-terbufos was purified in a benzene:methanol (9:1 v/v) 
solvent system to a radiochemical purity of 98% with a specific activity 
of 57,126 dpm/yg. Unlabelled phorate and terbufos were purified by 
Florisil column chromatography according to the method of Patchett 
and Batchelder (1961). Analytical grade unlabelled chlorpyrifos, 
0;,^ -diethyl Oi-(3,5,6-trichloro-2-pyrdinyl) phosphorothioate, was 
obtained gratis from the Dow Chemical Co. (99% purity). Methylthio-^ C^ 
labelled aldicarb, 2-methyl-2(methylthio) propanal 0-{(methylamino) 
carboxyl} oxime, was purchased from California Bionuclear Corporation 
(96.1% radiochemical purity; 73;600 dpm/yg). Analytical grade unlabelled 
aldicarb was obtained gratis from the Union Carbide Corp. 
Water solubilities of phorate, parathion, terbufos, and chlorpyrifos 
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were determined In glass-distilled water, 0.01 M CaClg, and soil 
solutions (obtained from a 1:5 w/v distilled water extract). Measurements 
were made in duplicate or triplicate. Enough insecticide in benzene 
to give a saturated aqueous solution was pipetted into glass culture 
tubes fitted with Teflon-lined screw caps. The solvent was evaporated 
under nitrogen while rolling the tubes to coat the sides. The aqueous 
solutions were added and the tubes were shaken on a Burrell wrist-
action shaker for approximately 12 hours at 24±2°C. The solutions 
were transferred to polycarbonate tubes and centrifuged at 26,000 x ^  
for 30 minutes. Suitable aliquots were taken for liquid scintillation 
or gas chromatographic analysis. 
Partition between n-octanol and distilled water or 0.01 M CaCl2 
was determined for aldicarb, parathion, phorate and terbufos in triplicate. 
Ten milliliters of each insecticide in octanol were added to glass 
culture tubes followed by 10 ml of aqueous solution. The tubes were 
shaken for 5 minutes and then centrifuged at 429 x ^  for 10 minutes. 
The octanol and water layers were separated; 0.05 ml aliquots of octanol 
and 0.5 ml aliquots of water were analyzed by liquid scintillation 
spectrometry. 
Adsorption Equilibria 
To establish the length of time necessary for insecticide adsorption 
to reach equilibrium in the soil systems, 2 g of air-dried soil no. 2 or 5 
(passed through a 2.3 mm sieve and sterilized) were shaken with 10 ml 
of insecticide solution in 25 x 100 mm glass culture tubes fitted with 
Teflon-lined plastic screw caps. All insecticide solutions were made 
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up in 0.01 M CaCl^ . Duplicate samples plus blanks (no soil) were 
shaken for 0.25, 1, 3, 6, 12, 24, 36, and 48 hours. The tubes were 
centrifuged for 15 minutes at 1,580 x Aliquots of 0.5 ml were 
taken for liquid scintillation analysis. For chlorpyrifos, 5 ml of 
solution were sampled for gas chromatographic analysis. On the 
basis of these experiments, equilibrium appeared to be complete 
after 2 hours. 
Adsorption 
14 Stock solutions of C-insecticides plus unlabelled insecticides 
were made up in 0.01 M CaClg at concentrations below the water solubility 
determined for each chemical. The stocks were diluted with various amounts 
of 0.01 M CaCl_ to yield five concentrations that were used in subsequent 
I 
experiments. Two grams of air-dried, sterilized soil were shaken with 
10 ml solutions of aldicarb (0.5-50 ppm), phorate (0.5-10 ppm), 
parathion (0.25-5 ppm) and terbufos (0.10-2.35 ppm) in glass culture 
tubes for 3 hours at room temperature (24±2°C). All treatments were 
performed in duplicate and appropriate blanks (no soil) at each 
concentration were run. The tubes were centrifuged at 1,580 x £ 
for 15 minutes and 0.5 ml aliquots of the supernatant were taken for 
analysis. The amount adsorbed (ug insecticide/g soil) was determined 
by difference between the blank and treatment values (i.e., A = 
v/m(Cg - C^ ) where A = amount adsorbed, v = solution volume, m = grams 
of soil, Cg = equilibrium concentration of blank, and = equilibrium 
concentration of treatment). 
Because unlabelled chlorpyrifos was used in these experiments, a 
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slightly different procedure was used to measure its sorption. 
Twelve grains of soil were shaken with 60 ml of insecticide solution 
(0.1-0.4 ppm) in 4-oz glass jars fitted with Teflon-lined plastic caps. 
After 3 hours, the jars were centrifuged at 726 x ^  for 30 minutes. 
The supematants were filtered through Whatman No. 1 filter paper, and 
45 ml of the treatment supernatant or 10 ml of the blank supernatant 
were extracted with benzene for gas chromatographic analysis. 
Desorption 
Desorption was measured for aldicarb, phorate, parathion, and 
terbufos only. Soil samples were shaken with insecticide solutions 
as described above. After centrifugation, 0.5 ml aliquots were removed 
for liquid scintillation analysis and the rest of the supernatant was 
carefully decanted. Each tube was weighed before shaking and after 
removal of the supernatant. Ten milliliters of 0.01 M CaClg were 
added back to the tubes and the samples were shaken for 3 hours. The 
tubes were centrifuged and 0.5 ml aliquots of supernatant were removed for 
analysis. Desorption, expressed as vg adsorbed/g soil, was determined 
by difference taking into account the solution remaining in the soil 
after the supernatant was poured off. 
Sorption on Oxidized Soils 
To test the effects of organic matter on sorption, soils no. 2, 
4, and 5 were oxidized with 15% HgOg (1:10 w/v) as described by Robinson 
(1927). Oxidations were performed in 2-liter beakers heated on steam 
plates for approximately 14 hours. The mixtures were filtered with 
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suction and the resulting soil was air-dried and passed through a 
2.3 mm sieve. Organic carbon content of oxidized soils was also measured. 
Adsorption and desorption experiments with aldicarb, phorate, parathion, 
and terbufos were then completed as described before. 
Insecticide Analysis 
Aliquots of aqueous insecticides (0.5 ml) were pipetted into 
polyethylene scintillation vials and 15 ml of Handifluor^  (Mallinckrodt) 
were added. Vials were counted for at least 10 minutes on a Packard 
Tricarb liquid scintillation spectrometer. The external standard 
method was used to correct for quenching due to water. 
For chlorpyrifos analysis, aqueous samples were extracted three 
times with benzene (1:5 v/v). The benzene extracts were filtered 
through anhydrous sodium sulfate, 1 or 2 drops of 10% polyethylene 
glycol 400 in benzene was added as "keeper", and the samples were 
evaporated at 40 C to dryness. Five milliliters of benzene were added 
to each flask and the extracts were then analyzed on a Varian 3700 
63 gas chromatograph equipped with a Ni electron capture detector. The 
following conditions were used for extracts from water solubility 
experiments: column: glass, 180 cm x 4 mm i.d.; packing: 1% EGGS-X on 
60-80 mesh Gas Chrom Q; carrier gas: at 36 ml/min; temperatures: 
column, 160°C; injection port, 210°C; detector, 250°C. The following 
conditions were used for extracts from adsorption experiments: column 
and carrier gas: same as above; packing: 10% DC-200 on 80-100 mesh 
Chromosorb WHP; temperatures: column, 210°C; injection port, 250°C; 
detector 250°C. 
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RESULTS 
Soils with a wide range of organic matter content were chosen for 
this study in order to investigate adsorption effects. Organic matter, 
measured as percent organic carbon x 1.724, ranged from a low of 
0.88% in a sandy loam (soil no. 1) to a high of 31% in a peat 
(soil no. 5) (Table 1). Cation exchange capacity (CEC) ranged from 
5.71 meq/lOOg in soil no. 1 to 77.34 meq/lOOg in soil no. 5. Simple 
correlation analysis showed that organic matter and CEC were significantly 
correlated (£ = 0.01, Table 7) as expected since organic matter is 
known to contribute from 25-90% of the total exchange capacity of many 
soils (Van Dijk 1971). Clay and organic matter were also significantly 
correlated, but this was probably just a fortuitous relationship 
resulting from the choice of soils used. However, the percent clay 
and CEC would be expected to be significantly correlated, especially 
in soils with low organic matter contents. 
The four organophosphorus and one carbamate insecticide used in 
the sorption studies represented a wide range of physicochemical charac­
teristics (Table 2). Water solubility, partition coefficient, and 
parachor (molar volume) were chosen as readily determinable insecticide 
variables with which to relate sorption. The insecticides were ranked 
in the order of decreasing water solubility in Table 2. The carbamate 
aldicarb was the most water soluble followed by phorate > parathion > 
terbufos > chlorpyrifos. There are few reliable values in the literature 
with which to compare the measured solubilities. Comparison with the 
list compiled by Gunther et al. (1968) shows much disagreement with the 
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Table 1. Properties of soils used in sorption studies. 
Soil No. PH Cation 
Exchange 
Capacity 
meq/lOOg 
Organic 
Carbon 
% 
Organic 
Matter 
% 
Mechanical Analysis 
sand silt clay 
% % % 
1 7.30 5.71 0.51 0.88 77 15 8 
2 6.83 6.10 1.07 1.84 83 9 8 
3 5.00 21.02 2.64 4.56 37 42 21 
4 7.30 37.84 3.80 6.55 21 55 24 
5 6.98 77.34 18.36 31.65 42 39 19 
values obtained in this study. This is not surprising because the 
conditions of the experiment can influence the measured solubility 
(Bowman et al. 1960; Gunther et al. 1968; Cheung and Biggar 1974; 
Haque and Schmedding 1975). For example, preliminary experiments 
in which 1,580 x ^  were used in centrifugation yielded higher solubilities 
for terbufos (8.8 ppm) than those employing 26,000 x ^  (5.07 ppm). 
Bowman et al. (1960) noted that a high relative centrifugal force 
should be used in order to sediment small diameter particles of insecti­
cide. Temperature and the purity of water and solute can also influence 
solubility measurements. 
Bowman and Sans (1977) reported a water solubility for parathion 
of 12.9 ppm at 20°C, and Yaron and Saltzman (1972) found a value of 
4.3 ppm at 10°C. The commonly quoted literature value Is 24 ppm at 
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25°C (Gunther et al. 1968). Parathion (99% purity), as determined in 
this study, had a value of 6.54 ppm at 24±2°C. Solubility values for 
phorate and terbufos were much lower than literature values of 50-85 ppm 
(Gunther et al. 1968) and 10-15 ppm (American Cyanamid Technical Bulletin), 
respectively. On the other hand, the solubility of chlorpyrifos was 
slightly higher than a reported 0.4 ppm value (Brust 1966). None of the 
reported values was accompanied by a description of analytical methods. 
Solubilities of the insecticides were also determined in 0.01 M 
CaClg (the adsorption solvent) and in distilled water extracts of soils 
no. 2, 4, and 5. It was hypothesized that the solubility of hydrophobic 
compounds might be decreased by the presence of salts or alternatively, 
increased by organic components dissolving into the soil solution. 
Except for parathion, the organophosphorus insecticides were less 
soluble in 0.01 M CaClg. Solubilities in soil solutions were in between 
those in water and 0.01 M CaClg. 
The partition coefficient of an Insecticide indicates its tendency 
to favor a nonpolar milieu (octanol or other hydrophobic molecules 
and surfaces) over a polar one (water, clay surfaces); it may be defined 
as PC = concentration in octanol/concentration in water (Table 2). 
The partition coefficient of chlorpyrifos was not measured directly 
because it could not be detected in the water phase by the analytical 
methods used. However, Chlou et al. (1977) reported an experimental 
value of 128,825. A value of 66,600 was reported by Kenaga (1971), but 
the analytical methods were not given. Literature values for insecti­
cide partition coefficients are rare, and those that are reported are 
Table 2. Chemical and physical properties of insecticides. Standard deviations for water 
solubility and partition coefficient are shown in parentheses. 
Insecticide Molecular Parachor^  Water Solubility (ppm) Partition , 
Weight Coefficient 
H^ O CaClg soil solution no. 
2 4 5 HgO CaClg 
aldicarb 190. 3 425 4,000.00^  _d 7 
(±0) 
7 
(±1) 
phorate 260. 4 570 20.00 
(±1.67) 
12.05 
(±0.18) 
_d 15.81 
(±0.50) 
2,419 
(±66) 
2,342 
(±95) 
parathion 291. 3 608 6.54 
(±0.20) 
7.11 
(±0.08) 
8.10 
(±0.58) 
7.12 
(±0.05) 
7.88 
(±0.13) 
2,495 
(±40) 
2,385 
(±71) 
terbufos 288. 3 643 5.07 
(±0.79) 
3.05 
(±0.27) 
4.76 
(±0.26) 
4.16 
(±0.87) 
3.91 
(±0.69) 
4,796 
(±298) 
4,483 
(±379) 
chlorpyrifos 350. 6 659 1.12 
(±0.20) 
0.78 
(±0.19) 
0.89 
(±0.19) 
0.92 
(±0.08) 
0.84 
(±0.10) 
128,825® _d 
P^arachor determined from Quayle's (1953) table. 
P^artition Coefficient (PC) = concentration in octanol/concentration in water. 
U^nion Carbide (1975). 
o^ measurement taken. 
®Chiou et al. (1977). 
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usually calculated from tables of substituent constants. Partition 
coefficients were also measured in octanolzCaClg systems, but no large 
differences from distilled water systems were noted (Table 2). There 
was a significant, strong correlation between water solubility and 
partition coefficient (Tables 5 and 6). Thus, aldicarb and chlorpyrifos 
had the lowest and highest PC values respectively. This relationship 
between water solubility and partition coefficient was also shown by 
Chiou et al. (1977) for a number of organophosphorus insecticides. 
Parachor is an approximate measure of the molar volume of a molecule. 
It is a constitutive and additive function of molecular structure 
(Lambert 1967) and is dependent on the primary properties of surface 
tension, density, and molecular weight (Quayle 1953). Lambert (1967) 
found a significant correlation between log k (Freundlich adsorption 
constant) and parachor for a series of dinitroaniline and phenylurea 
herbicides. Using a table of recommended parachor values for molecular 
constituents (Quayle 1953), the parachor of each insecticide in this 
study was calculated. A significant correlation was found among water 
solubility, partition coefficient, and parachor (Tables 5 and 6). 
All insecticides attained equilibrium between solution and soil 
in approximately 2 hours (Figure 1). After 48 hours there were no 
significant changes in the amount of chemical adsorbed, and 3 hours was 
chosen as the shaking time in subsequent studies. 
In order to make comparisons in sorption among insecticides, all 
replicates were averaged, and the mean values were transformed from 
mass dimensions (pg/ml) to molar units (nanomoles/ml). The data were 
Figure 1. The effect of time on adsorption of insecticides 
in soils no. 2 and 5. 
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fitted by linear regression to the log form of the Freundlich adsorption 
equation, 
log x/m = log k + 1/n log 
where x = nanomoles of insecticide adsorbed; m = weight of soil (g) ; 
= equilibrium concentration of the solution; and k and 1/n are 
constants. The constant k has been variously defined as the adsorbent 
capacity for the adsorbate (Adamson 1967) and the extent or degree 
of adsorption (Hacque 1975; Hamaker and Thompson 1972). The k value 
can be used to compare sorption of different insecticides on various 
adsorbents at unit concentration where k = x/m. The significance of 
1/n is more obscure than that of k. It provides a rough estimate of 
the intensity of adsorption (Adamson 1967), and it varies in a regular 
manner with the temperature of the system and the nature of the adsorbate 
(Freundlich 1926). Values for k and 1/n were obtained from the calculated 
regression equation as the intercept and slope respectively of a straight 
line (Table 3, Figures 2-4). All regression lines generated had a 
2 
coefficient of determination (R ) of at least 0.98, which indicated 
an excellent fit of the data by the empirical Freundlich adsorption 
isotherm. 
In the ideal situation the slope of the isotherm would equal one, and 
there would be unlimited adsorption as the concentration continually 
increased. This assumption is not realistic, but the Freundlich equation 
describes the data well at intermediate concentrations (Freundlich 1926; 
Hamaker and Thompson 1972). The slopes obtained had values ranging 
Table 3. Freundlich k (on nanomolar basis), 1/n, and free energy values for the adsorption 
and desorption of aldicarb, phorate, parathion, terbufos and chlorpyrifos on five soils. 
Data is arranged by soils in order of increasing organic matter. 
Soil aldicarb phorate parathion terbufos chlorpyrifos 
k 1/n K * k 1/n K k 1/n K k 1/n K k 1/n K 
om om om om om 
Adsorption 
1 0.19 0. 93 22 2. 32 0. 94 264 5. 68 0.83 646 3.34 0. 95 380 28.38 0. 86 3225 
2 0.22 0. 95 12 5. 48 0, 91 298 11. 07 0.83 602 11,40 0. 94 620 46.88 0. 77 2549 
3 0. 78 0. 86 17 9. 62 0. 92 211 33. 81 0.88 741 8.30 0. 96 182 161.81 0. 91 3549 
4 1.13 0. 85 17 16. 14 0. 88 246 41. 12 0.80 628 21.33 0. 97 326 397.19 0. 98 1255 
5 4.16 0. 89 13 73. 79 1. 01 233 254. 68 0.81 805 52.72 0. 97 167 c — 
Avg. K 
om 
16 250 684 335 2645 
AG ^  •1.64 -3.26 -3.85 -3.43 -4.65 
Desorption 
1 0.88 0.99 100 3.27 0.88 372 6.56 0.80 746 4.36 0.93 496 
2 1.32 1.03 72 6.89 0.86 375 12.02 0.82 653 14.22 0.93 773 
3 1.88 0.83 41 12.65 0.89 277 39.36 0.83 863 16.48 1.01 361 
4 1.99 0.84 30 19.23 0.86 294 44.16 0.78 674 33.03 0.99 504 
5 5.37 0.89 17 96.16 1.02 304 261.22 0.76 825 108.14 1.02 342 
Avg. K 52 324 752 495 
om 
AG -2.33 -3.41 -3.91 -3.66 
= k X 100/% organic matter. 
om 
A^G (free energy change, kcal/mole) = -RT In 
N^o chlorpyrifos detected In supernatant. 
*^ No measurements. 
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from 0.76 (parathlon desorption, soil no. 5) to 1.03 (aldicarb 
desorption, soil no. 2). Most slopes were in the range 0.80-0.99. 
Although there were no noticeable trends in isotherm slope between 
soils, parathion generally had a lower slope than the other insecticides. 
This observation might indicate that different thermodynamic character­
istics were involved in the parathion-soil systems relative to the other 
insecticides. 
Log-log plots of insecticide sorption on each soil type yielded 
straight lines (Figures 2-4). If arithmetic plots had been made, 
curves slightly concave to the abscissa would have been generated in 
accordance with the observation that 1/n was generally less than unity. 
The trends in adsorption and desorption were obvious from the log 
plots. Adsorption curves gradually moved to the upper left of each 
graph indicating increasing amounts adsorbed on soils no. 1 through 5 
respectively. Only terbufos adsorption on soil no. 2 showed a deviation 
from this trend (Figure 3). No data were reported for chlorpyrifos on 
soil no. 5 because no insecticide was detected in the supernatant with 
the analytical methods used (Figure 4, Table 3). Thus, virtually all 
of the chlorpyrifos was adsorbed by the peat. Since the position of 
the isotherms with respect to different soil types was significantly 
correlated with organic matter (Table 5), it can be concluded that 
there was a definite pattern of increasing adsorption with higher 
organic matter contents. 
Desorption isotherms represent the nanomoles of insecticide still 
adsorbed per gram of soil as a function of equilibrium concentration 
Figure 2. Freundlich isotherms for sorption of aldicarb on five 
soils. (Solid lines represent adsorption; broken lines 
represent desorption. Numbers by each set of curves refer 
to the soil type as listed in table 1. = soil no. 1; 
® = soil no. 2; Q = soil no. 3; = soil no. 4; 
O = soil no. 5.) 
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Figure 3. Freundlich isotherms for phorate and terbufos sorption 
on five soils. (Solid lines represent adsorption; 
broken lines represent desorption. Numbers by each set 
of curves refer to the soil type as listed in table 1. 
/\ = soil no. 1; = soil no. 2; Q = soil no. 3; 
A = soil no. 4; O " soil no. 5.) 
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Figure 4. Freundlich isotherms for parathion and chlorpyrifos 
sorption on five soils. No chlorpyrifos was detected 
in the supernatant of soil no. 5, and adsorption was 
assumed to be complete. Desorption was not measured 
for chlorpyrifos. (Solid lines represent adsorption; 
broken lines represent desorption. Numbers by each set 
of curves refer to the soil type as listed in table 1. 
y\ = soil no. 1; ® = soil no. 2; Q = soil no. 3; 
= soil no. 4; O ~ soil no. 5.) 
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after one desorption cycle (Figures 2-4). Adsorption was reversible, 
but the desorption curves were consistently higher than those for 
adsorption. Noncoincidence of adsorption and desorption isotherms 
is called hysteresis. It indicates that different forces are involved 
in adsorption than in desorption. Aldicarb adsorption on soils no. 1 
and 2 was noticeably less reversible than on other soils (Figure 2). 
Since these soils have less organic matter and probably a more exposed 
clay surface relative to the other soils, it is possible that aldicarb 
became strongly adsorbed by the clay fraction of these two soils. 
Adsorption differences among insecticides on each soil type is 
illustrated in Figure 5. In general, increasing adsorption or 
decreasing desorption (Table 3) followed the order chlorpyrifos > 
parathion > terbufos > phorate > aldicarb. However, terbufos was 
unexpectedly less adsorbed than phorate on soil no. 5. Possibly, 
the bulky tertiary-butyl group of terbufos somehow hindered adsorption 
on inner surfaces of organic matter. 
Adsorption-desorption relationships among insecticides were 
illustrated in a different manner by normalizing the Freundlich k 
constants to a one-gram, organic matter basis. The new constant, 
was averaged for each insecticide over the five soil types. 
Table 3 reveals that the order of increasing K was similar to that 
om 
for the simple k constants. In high organic matter soils, for 
adsorption is generally lower than in low organic matter soils 
(Osgerby 1970), because the adsorbent capacity is much greater than 
the initial concentration of insecticide. Aldicarb, phorate, terbufos. 
Figure 5. Freundlich isotherms for the adsorption of aldicarb, 
phorate, terbufos, parathion, and chlorpyrifos on 
each soil type. ( ^  = aldicarb; Q = phorate; 
 ^= terbufos; Q = parathion; = chlorpyrifos.) 
54 
2. 
1. 
soil -
1 .  
1. 
soil -
T3 
2 .  
1 .  
soil 
2 .  
1. 
soil oi 
2 .  
1 .  soil 
log Ce (equilibrium concentration, nanomoles/ml) 
55 
and chlorpyrifos soil no. 5 systems exhibited lower values than 
the average value. On the other hand, parathion adsorption on soil 
no. 5 gave an aberrantly high value. 
Assuming that the insecticides were adsorbed mainly by organic 
matter, the change in free energy for adsorption was calculated for 
each insecticide using the mean value for and the equation given 
by Osgerby (1970), 
AG = -RT In K 
om 
where AG = free energy (kcal/mole), R = gas constant (1.986 cal °K ^  
mole ^ ), and T = absolute temperature. All AG's were negative and 
illustrated that adsorption was an exothermic process (Table 3). 
In order to prove that organic matter was a very important soil 
variable in sorption as observed earlier, soils no. 2, 4, and 5 were 
oxidized with 15% HgOg. Subsequent sorption data was expressed on 
a mass basis (Table 4) and log-log plots were generated as before 
(Figures 6 and 7). Adsorption was still observed on all the soils; 
organic carbon analysis indicated that soil no. 2 and 4 contained less 
than 1% organic matter and soil no. 5 still contained more than 6% 
organic matter. Nevertheless, a comparison of isotherms for unoxidized 
soils with that of oxidized soils showed that adsorption decreased 
significantly when organic matter content was reduced. In general, 
the Freundlich equation fit the data for sorption on oxidized soils well. 
A few systems yielded aberrantly low slopes (i.e., soil no. 2) which 
can be attributed to a relatively poor regression of the data (coefficient 
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Table 4. Freundlich k (on mass basis) and 1/n values for the 
adsorption and desorption of aldicarb, phorate, parathion, 
and terbufos on 3 oxidized soils. 
Soil aldicarb phorate parathion terbufos 
k 1/n k 1/n k 1/n k 1/n 
Adsorption 
2 0.02 0.59 0.95 0.98 1.59 1.05 1.50 0.97 
4 0.07 0.90 2.96 0.95 7.23 0.98 4.47 0.96 
5a 0.38 0.94 30.34 1,02 108.39 0.85 12.94 0.93 
Desorption 
2 _b 0.39 0.56 2.14 0.95 0.99 0.68 
4 _b 2.38 0.84 7.40 0.95 7.05 0.94 
5 0.72 0.87 38.19 1.08 120.23 0.84 43.95 0.97 
S^ignificant amounts of organic carbon were still present after 
oxidative treatment of peat. 
D^esorption was complete. 
of determination less than 0.90). In general, the slopes for adsorption 
isotherms were slightly higher for treated soils than for untreated 
soils possibly indicating a lower intensity of adsorption. Except 
for parathion, no consistent trends were noted in desorption isotherm 
slope. 
Desorption from oxidized soils was more reversible than from 
untreated soils. Thus, aldicarb was completely desorbed in oxidized 
soils no. 2 and 4; the isotherm for phorate on soils no. 2 and 4 and 
Figure 6. Freundlich isotherms for aldlcarb and phorate sorption on oxidized soils. (Solid 
lines represent adsorption; broken lines represent desorption. Dark symbols 
represent sorption in untreated soils; light symbols represent sorption in treated 
soils.) 
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Figure 7. Freundlich Isotherms for parathion and terbufos sorption on oxidized soils. 
(Solid lines represent adsorption; broken lines represent desorption. Dark symbols 
represent sorption in untreated soils; light symbols represent sorption in treated 
soils.) 
2.0 
1.0 
0 
° -1.0 
en 
I -2.0 
o 
I/) 
•o 
fC5 
pa rath ion, soil no. 4 pa rath ion, soil no. 5 -pa rath ion, soil no. 2 
X 1.0 
0 
Q 
-1.0 
-2.0 terbufos, soil no. 5 -terbufos, soil no. 4 terbufos, soil no. 2 
log Ce (equilibrium concentration, //g/ml) 
61 
terbufos on soil no. 2 were below the adsorption curves (Figures 6 and 7). 
These observations agree with those of Saltzman et al. (1972) for 
parathion desorption from oxidized soils. 
Correlation analysis was used to determine the significance of 
relationships among sorption, soil variables and insecticide properties 
(Tables 5 and 6). As previously mentioned there were strong, significant 
correlations between soil variables and between insecticide properties. 
Logs of k for all insecticides in all soils, organic matter, and 
insecticide physicochemical variables were used in correlation analysis 
because other workers have found log relationships to be well-correlated 
(Ward and Holly 1966; Hance 1967; Lambert 1967; Briggs 1969; Wahid 
and Sethunathan 1978). In the present study, significant correlations 
were found between log k, log organic matter, log solubility, log 
partition coefficient, and parachor. 
Models describing variability in log k and log were constructed 
using a stepwise regression procedure (Table 7). All soil and insecticide 
variables, both in the normal and log form were tested in the model. 
An independent variable was entered and permitted to stay in the model 
as long as it gave a significant F statistic at the 5% level. Log 
organic matter and log inverse solubility were the main variables in 
the resulting models and they described over 90% of the variability of 
log k for adsorption and desorption. Parachor played a small role in the 
model describing log k for adsorption and was kept in the model because 
it gave a significant reduction in the residual mean square. When 
k values were transformed to K , insecticide water solubility alone 
om 
described at least 95% of its variability. 
Table 5. Simple correlation coefficients (r) among log k values for adsorption, soil variables, 
and insecticide physicochemical characteristics. 
log k log organic 
matter 
CEC Clay pH log 
(solubility) 
log 
partition 
coefficient 
log organic 
matter 0.469** — —  MO- — 
CEC 0.439** 0.960* 
Clay 0.393 0.718* 0.618* — — 
PH -0.043 -0.096 0.118 -0.288 
log 
(solubility) 0.799* -0.077 -0.086 -0.019 -0.016 
log partition 
coefficient 0.794* -0.010 -0.111 -0.025 -0.020 0.978* 
parachor 0.765* -0.068 -0.076 -0.017 -0.014 0.989* 0.954* 
*Significance at 1% level. 
**Significance at 5% level. 
Table 6. Simple correlation coefficients (r) among log k values for dèsorption, soil variables, 
and insecticide physicochemical characteristics. 
log k log organic 
matter 
CEC Clay pH log 
(solubility) 
log 
partition 
coefficient 
log organic 
matter 0.667* — —» 
CEC 0.643* 0.964* — 
Clay 0.443** 0.704* 0.605* 
pH -0.028 -0.067 0.135 -0.280 
log 
(solubility) 0.710* 0.000 0.000 0.000 0.000 —  —  — —  
log partition 
coefficient 0.690* 0.000 0.000 0.000 0.000 0.989* —-
parachor 0.688* 0.000 0.000 0.000 0.000 0.988* 0.973* 
*Significance at 1% level. 
^^ Significance at 5% level. 
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Table 7. Best models derived to explain variability in Freundlich k 
(on nanomolar basis) and for adsorption and desorption 
of 5 insecticides on 5 soils. 
Dependent 
Variable Model a,b,c R 
log k 
adsorption log k = 0.915 LOM +1.397 LISOL 
-0.031 PR + 25.108 
0.960* 
log k desorption log k = 0.826 LOM + 0.372 LISOL + 3.118 0.948* 
log K 
om adsorption 
log K 
om desorption 
log K =0.539 LISOL + 8.012 
om 
log K = 0.349 LISOL + 7.408 
om 
0.950* 
0.967** 
L^OM = log organic matter. 
L^ISOL = log (water solubility) 
P^R = parachor. 
*Independent variables significant at 1% level. 
**Independent variables significant at 5% level. 
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DISCUSSION 
Adsorption theory was originally developed to explain the adsorption 
of gases on metal surfaces. Freundlich (1926) presented an empirical 
equation which described gaseous adsorption but could also be applied 
to adsorption on solids from solution. The Freundlich adsorption equation 
explained adsorption in many systems that other theoretical equations 
could not. In the past two decades many workers have found that the 
adsorption of herbicides and insecticides could best be described by 
the Freundlich isotherm. The main reason for this could be the hetero­
geneity of soil surfaces. The Freundlich isotherm was derived on the 
assumption that the decrease in heat of adsorption with increasing 
surface coverage is due to surface heterogeneity. 
In pesticide adsorption studies very dilute solutions are used 
by necessity owing to the low water solubilities of the chemicals 
involved. Thus, the soil surfaces are never fully covered and the slopes 
of the isotherms are usually very close to unity. In this study, the 
slopes generally varied between 0.80 and 0.99, and log-log plots 
yielded very straight lines. These values are similar to those reported 
in many herbicide adsorption studies (Hamaker and Thompson 1972). 
Unfortunately, comparisons between insecticides are difficult to 
make because adsorption data are scant in the literature, and many 
different soil types have been used in various studies. 
The intercepts (log k) of the isotherms generated in this study 
were used to compare relative amounts of adsorption among insecticides 
and soils because at this point (i.e., = 1 ppm) the slope of the 
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isotherm is independent of the degree of adsorption. In order to compare 
adsorption over the full range of concentrations used, both k and 1/n 
values must be taken into consideration (Yuen and Hilton 1962). 
Isotherms with variable slopes were obtained for the different 
insecticide-soil systems studied. This observation indicates that 
adsorption is a complex phenomenon involving different types of adsorption 
sites with different surface energies. 
In spite of the complexity of studying insecticide adsorption in 
a heterogeneous system such as soil, three generalities can be inferred 
from this study. First, insecticide distribution attained a very 
rapid equilibrium (approximately 2 hours) between solution and soil. 
This observation is consistent with a physical type of adsorption 
process (Freundlich 1926; Hayward and Trapnell 1964). Physical 
adsorption requires no activation energy and takes place as fast as 
the adsorbate reaches the surface. Physical adsorption is also indicated 
by examination of the free energy changes calculated for adsorption. 
All AG's were below 5 kcal/mole; the types of interactions with soil 
surfaces that can be classified as chemisorption would show much greater 
free energy changes indicating stronger types of bonds. Thus, insecticide 
adsorption in soils is largely due to van der Waals forces or hydro­
phobic bonding. 
The second generalization is that adsorption of insecticides 
from aqueous solution takes place mainly on organic matter surfaces. 
First, organic matter is known to be intimately associated with the 
inorganic soil components. Second, organic matter provides a large 
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percentage of the surface area in soils due to its porous molecular 
structure. Thus, the chances of the insecticide first contacting 
an organic surface are very high. It was observed that all insecticides 
were adsorbed to greater extents as the organic matter content of 
the soil increased. Furthermore, destruction of the organic matter 
by peroxide oxidation markedly reduced adsorption. 
It is proposed that the initial adsorption process of the 
insecticides in soil is a partitioning into the many hydrophobic sites 
of organic matter. This hypothesis is based on the indirect evidence 
afforded by the strong, significant correlations observed among the 
Freundlich k constants, insecticide water solubility, partition 
coefficient, and parachor. Nonpolar molecules do not tend to mix 
with polar ones, such as water, because of a large change in entropy 
for the process. The large energy of reordering the nonpolar solute 
molecules and the water solvent molecules keeps them in separate phases 
when placed together (Leo et al. 1971). Thus, the partition coefficient 
is expected to be related to the water solubility of a molecule. 
If solubility is considered to be analogous to one molecule "punching 
a hole in the solvent", then molecules with large molar volumes or 
parachors will require more energy to punch a larger hole than those 
with lower parachors. Again, energy considerations limit the solubility 
of nonionic molecules with large parachors. Therefore, nonpolar 
insecticides in solution will tend to associate with hydrophobic sites 
because this situation is more thermodynamically favorable. Accordingly, 
the very nonsoluble chlorpyrifos was highly adsorbed, whereas the 
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relatively soluble aldicarb was less adsorbed. Water would not be 
expected to compete with insecticide adsorption at the hydrophobic 
surfaces of organic matter. Hartley (1976) has suggested that the 
partitioning of the pesticide between the solution and organic matter 
is not just a surface adsorption phenomenon but also a dissolution 
process. 
After the insecticides are associated with the organic matter, 
other binding processes may take place either with the organic matter 
functional groups or with the intimately associated clays. Hydrogen 
bonds and bridges have been postulated and spectroscopically observed 
for a number of insecticide-clay systems (Bowman et al. 1970; Saltzman 
and Yariv 1976; Mingelgrin et al. 1975, 1977; Slnghal and Singh 1978; 
Yaron 1978). In this case, water would be expected to compete for 
adsorption sites. 
The third generality that can be observed from the results is 
that adsorption is generally reversible, but desorption is not complete. 
Thus, the observed differences in adsorption and desorption isotherms 
can be described as hysteresis. Hysteresis has been observed in other 
insecticide adsorption studies (Saltzman et al. 1972; Bowman and Sans 
1977; Wahid and Sethunathan 1978). Since adsorption may involve the 
formation of higher energy bonds than just hydrophobic bonds, the 
reversibility of adsorption would appear less complete during the 
desorption process (Hartley 1976). Also, if an adsorbed insecticide 
could slowly penetrate deeper into the organic colloids, complete 
reversibility would be made more difficult (Giles 1970; Hartley 1976). 
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Giles et al. (1974) mentioned that there was an energy of activation 
for desorption that is equivalent to the heat of adsorption. Thus, 
the thermodynamic parameters governing desorption would be quanti­
tatively different than those affecting adsorption. 
In conclusion, this study has shown that the behavior of insecticides 
in soil can be complicated by sorption phenomena. Direct measurements 
of adsorption and desorption of five insecticides in five soils have 
verified the importance of organic matter content to behavior. However, 
the physicochemical properties of the insecticide are also highly 
correlated with the degree of adsorption. The adsorption of insecticides 
is generally a reversible process, but owing to differences in energy 
considerations desorption is not complete. Given the widespread and 
heavy use of soil insecticides, the results of this investigation 
warrant further study into insecticide adsorption phenomena. 
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